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Abstract: Natural weathering is known as one of the key mechanisms causing degradation in
building materials. Great efforts have been made to develop new materials and new processes for
protecting those that already exist. Natural stones are an example of a natural material that has
been extensively used for building construction since ancient times. In addition, they fit durability,
aesthetic, and mechanical requirements. Thus, they still have great importance in the construction
business nowadays. Though chemical interactions in natural stones, such as oxidation or hydrolyses,
have been widely studied, in the last few decades, the physical weathering due to daily temperature
variations has begun to be considered as a key mechanism of degradation and has been incorporated
in international standards. This process is particularly important in calcitic marble slabs, where
it can cause extensive damages to facades. Consequently, there are restrictive rules for the use
of marble as an external coating material in many countries. In this paper, the thermal stresses
induced by daily variations in temperature are calculated using geographic and meteorological
information. The concept of sol-air temperature is used to estimate the temperatures of the hidden
and exposed surfaces of a slab, and Fourier’s law and the theory of elasticity are used to calculate the
temperature and stress distribution, respectively. The proposed methodology allows for a detailed
reconstruction of the stress induced inside marble slabs using parameters commonly acquired in
meteorological stations as input data. The developed methodology was validated by comparing
in-situ measurements of the temperature of a building in Pescara (Central Italy). A good correlation
between the theoretical and real temperatures was found; in particular, the peak tensile stresses
inside the slabs were estimated at 75 kPa.
Keywords: thermal stresses; thermal heat flux; natural weathering; natural stones
1. Introduction
Durability against natural weathering has been considered one of the greatest chal-
lenges that building materials must face when they are used in external environments.
Artificial materials, such as polymers and glasses, have been developed to overcome this
problem [1–4]. Many studies have been conducted on rock-like materials to develop new
processes and technologies for increasing their performance (in terms of durability and
mechanical properties), as well as their competitiveness with other construction technolo-
gies. Natural stones just partially fit these requirements, but due to their unique aesthetic
features and the low CO2 emissions in their exploitation chain (which is very important
nowadays), they still have great importance as building materials.
Nonetheless, the durability of natural stones may be reduced by natural weather-
ing. Staining, detachment, oxidation, and efflorescence are the pathologies most com-
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monly found in building-covering systems, but, in the last two decades, a phenomenon
known as bowing, already studied in the last century, has become the object of numerous
studies [5–13].
Bowing affects carbonate rocks, mainly calcitic marbles, and it is characterized by
plastic deformation that might be easily visually noticed. In some cases, the warping is
imperceptible, but the internal damage can be even greater. This key feature might help
to distinguish this pathology from the others. The causes of this process are still debated:
Some researchers consider the mineralogical influence as basically responsible for leading
to this deformation [12–15]. Others also take into account the humidity and the anchorage
system [16,17]. However, one of the most accepted hypotheses is the anisotropic thermal
expansion of grains. One of the most known cases occurred at the Finland Hall’s facade, in
which Carrara marble was used as an external coating; after some years, the deformation
was so evident that renewal of the whole facade was demanded. However, after a few
months, the same problem affected the building again. The testing and assessment of
marble and limestone [18] have verified that the occurrence of this pathology is spread
throughout many countries.
Thermal action has been demonstrated to be an important factor that leads to acceler-
ated degradation in many carbonate rocks, such as marbles [19–23]. For this reason, it is
considered in European standards that are focused on the applicability of natural stones in
external environments. In marble, the relationship between thermal action and weather-
ing depends on its mineralogical composition. Calcite belongs to the trigonal–hexagonal
mineralogical system, which means that the ĉ and â optical axes are perpendicular to each
other. This orthotropic behavior has also been verified in the thermal expansion coefficients
of this mineral. During heating–cooling cycles, the grain tends to expand in one direction,
but it contracts in the direction perpendicular to that, which leads to internal stresses.
The main goal of this paper is to propose a methodology for the evaluation of thermal
stresses induced by insolation on natural stones used as an external coating material. Mete-
orological and geographical data were used for forecasting the thermal strain generated
within marble slabs. The proposed methodology has the advantage of using parameters
that are commonly measured in meteorological stations; consequently, it is promising as a
cost- and time-saving procedure. Data coming from the monitoring of the facade of the
Pescara Justice Court were used for the validation of the proposed methodology. Therefore,
Carrara marble’s parameters were used in the calculation. It is worthwhile to note that this
methodology’s application is not limited to the evaluation of the stress state in facades,
but it could be applied to any structures used in external environments that are subject to
natural thermal weathering.
2. Fundamentals and Methodology
The variation of temperature on a slab in an external environment presents a periodic
behavior, as demonstrated by several authors [24–27]. Consequently, daily temperature
variation can be assumed as a periodic function. The sunlight acting on a surface tends to
increase when the sun is rising, and, in general, the peak of the temperature is reached in
the afternoon. Then, the temperature decreases and the cycle repeats again.
The temperature of the internal face of this structure also presents cyclic behavior,
but it is delayed, and two possible conditions can occur: The first one is defined as the
slow-cooling mode, in which the internal and external temperatures are almost the same
(red line in Figure 1), and the second one is named the fast-cooling mode. The latter one
can occur due to rain, wind, or the combination of any other external factor acting on the
external surface, in which the temperature at the external face is lower than the internal
one and the heat flux through the slab comes from the inner to the external side.
In the following sections, some concepts of thermal comfort in building environments
are presented [28], which are coupled with the theoretical formulation of thermal stresses
in continuum media in order to calculate the induced thermal stresses in ventilated slabs.
Firstly, the sol-air temperature is calculated. After that, the temperature at the non-exposed
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surface of the slab (internal surface) is calculated considering the sol-air temperature and
the internal temperature. Finally, the temperature inside the slab and the respective stresses









Temp. at the external face
Temp. at the internal face (slow natural cooling)
Temp. at the internal face (quick natural cooling)
Figure 1. Daily variation of temperature in a ventilated structure.
2.1. Solar Radiation
The total solar radiation for a clear sky (IT) can be estimated as:
IT = It,D + It,d + It,R, (1)
where It,D is the direct solar radiation, It,d is the diffuse solar radiation, and It,R is the
reflected solar radiation.
In this study, the reflected solar radiation flux (It,R) and the direct solar radiation (It,D)
were considered to be equal to zero because the measurements on the marble slab were
made in the shading area. For a vertical surface (wall) and clear-sky conditions, the diffuse
solar radiation (It,d) can be calculated using Equations (2)–(5) [29,30]:
It,d = Id ·Y (2)
Y = max(0.45, 0.55 + 0.437cos(θ) + 0.313cos2(θ)), (3)
where Id is the diffuse horizontal irradiance, Y is the correction factor of the direct solar
radiation, and θ is the angle of incidence.
The diffuse horizontal irradiance (Id) is [31]:
Id = I0 e−τdm
ad
(4)
ad = 0.507 + 0.205 τb − 0.080 τd − 0.190 τb τd, (5)
where I0 is the extraterrestrial radiant flux, τd is the diffuse optical depth, m is the air mass,
ad is the diffuse air mass, and τb is the beam optical depth. The values of τb and τd for the
month of August in 2009 in the city of Pescara were 0.494 and 1.935, respectively [32].
According to the American Society of Heating, Refrigerating, and Air-Conditioning
Engineers [31], the extraterrestrial radiant flux (I0) can be approximated by:
I0 = Isc
[







where Isc is the solar constant and n is the day of the year. As stated by Iqbal (1983) [33],
the solar constant (Isc) assumes the value of 1367 W/m2.
Air mass (m) and solar altitude (β) can be expressed as [34]:
m =
1
sin(β) + 0.50572(6.07995 + β)−1.6364
(7)
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sin(β) = cos(l) cos(h) cos(d) + sin(l) sin(d), (8)
where l is the latitude, h is the hour angle, and d is the declination angle.
The hour angle (h) and declination angle (d) are expressed as follows:
h = 15(LST − 12) (9)
d = 23.45 sin
(




where LST is the local solar time (h), and it is calculated according to Equation (11):
LST = CT +
1
15




Lstd = 15 ·UTC, (12)
where CT is the clock time (h), Lstd is the standard meridian for the local time zone, Lloc
is the longitude, Et is the equation of time, DT is the correction for daylight savings time,
and UTC is the universal coordinated time.
The equation of time (Et), in minutes, can be approximated by [33]:







where Γ is the angular correction.
The angle of incidence (θ), the surface–solar azimuth angle (γ), and the azimuth angle
(φ) can be computed using the following equations:
cos(θ) = cos(β) cos(γ) cos(Σ) + sin(β) cos(Σ) (15)
γ = φ− ψ (16)
cos(φ) =
cos(d) sin(l) cos(h)− sin(d) cos(l)
cos(β)
, (17)
where γ is the surface–solar azimuth angle, Σ is the surface tilt angle (90º for vertical
surfaces), and ψ is the surface azimuth.
2.2. Heat Flux
Solar radiation flux (qI) is expressed as:
qI = IT · αs, (18)
where αs is the solar absorptivity.
Gray-body radiation flux (qR) is defined by the Sfetan–Boltzmann law as:
qR = σεt4w (19)
where σ is the Stefan–Boltzmann constant (5.67 ·10−8 W/m2 ·K4), ε is the surface emissivity,
and tw is the wall surface temperature.
The superficial heat exchange due to convection flux (qc) can be calculated by New-
ton’s law of cooling:
qc = ho,i(to,i − tw), (20)
where ho,i is the convection heat-transfer coefficient for the outside or inside surface and
to,i is the outdoor or indoor dry-bulb temperature.
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The convection heat-transfer coefficients for the outside (ho) and the inside (hi) sur-














where Nu is the Nusselt number, ka is the air thermal conductivity (0.025 W/m·K ), Leq is
the equivalent length, B is the building plan width, Lb is the building plan length, and θw
is the wind direction.
The influence of forced air velocity on the Nusselt number (Nu) can be represented
by [35]:






where Pr is the Prandtl number and Re is the Reynolds number. However, the correction
of the viscosity (µ) in Equation (23) could be neglected for gases [36].
For the natural condition in which the wind velocity is set as zero, the Nusselt number
(Nu) is calculated considering natural convection [37]:
Nu = c(Gr · Pr)n, (24)
where Gr is the Grashof number, c is a constant, and n depends on the flow regime (1/4 for
laminar flow and 1/3 for turbulent flow).
Finally, the sol-air temperature (te) can be expressed as:






where to is the outdoor dry-bulb temperature, ε is the surface emissivity, and ∆R is the
infrared radiation correction factor. For vertical surfaces, ε∆R = 0.
2.3. Inner Temperature
The internal temperature was calculated assuming a simplified formulation in which
the heat flux inside the slab occurs due to conduction only, as shown in Figure 2. Convec-
tive and thermal radiation are considered on the external side; on the internal side, just
convective heat transfer is considered.
In this formulation, the temperature at the internal face of the slab is given by the
harmonics of the Fourier series and natural frequencies [28]:




U(t̄e − ti) + ∑ Vnte,n cos(ωnθt − ψn −Θn)
]
, (26)
where twi is the inside wall surface temperature, ti is the inside dry-bulb temperature, hi
is the combined convective and thermal radiation heat-transfer coefficient for the inside
surface, U is the heat transmission coefficient, Vn is a factor, t̄e is the mean value of sol-air
temperature, te,n is the harmonic coefficient, wn is the angular velocity, θt is the time, ψn is































where h0 is the combined convective and thermal radiation heat-transfer coefficient for the
inside surface, k is the thermal conductivity, L is the thickness of the material, Zn, Yn, and
σn are factors, and Nn and Mn are the Fourier coefficients.















































where T is the period of the periodic function.
The temperature at each point of the slab is calculated by interpolation of internal and











Figure 2. Simplified model of heat flux in a ventilated facade.
2.4. Induced Thermal Stresses
The variation of temperature causes changes in the volume of materials, which might
be positive or negative depending on the thermal expansion coefficient. When these
deformations do not occur homogeneously along the whole body, differential strains
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appear. Moreover, to balance these body deformations, internal stresses, known as thermal
stresses, are induced.
2D Formulation
In this study, the slabs are considered as thick structures, and the gradient of the
temperature varies through the width from the external to the internal side. A unidirec-
tional heat flux means that sunlight exposure and environmental heat exchanges occur
homogeneously along the external face of each slab. According to BS 8298 [38], fixing
systems should allow thermal deformation without any restriction; therefore, the support
condition could be assumed to be isostatic, as well as the plane strain state.
The thermal expansion of an infinitesimal fiber normal to the gradient of temperature
in isostatic conditions should be counterpoised in order to maintain the self-equilibration
of the internal stresses. According to Johns [39], in 2D analysis, the thermal stresses are
given by Equation (36), where the y-axis is perpendicular to the gradient of the temperature.
In this equation, the first integral eliminates unbalanced axial forces caused by thermal


























where σyy is the normal stress in the y direction, E is the Young modulus, α is the thermal
expansion coefficient, ν is Poisson’s ratio, and θT is the temperature.
The previous equation could be rewritten in dimensionless form, as presented in
Equation (37). This solution could be applied to any temperature distribution Θ or any
sum of temperature distributions. Moreover, considering the particular solution for the
linear distribution of temperatures, it would result in null stress, since the first integral
eliminates the second, whilst the last term returns a null integral. Hence, thermal stresses
in a slab could be determined by integrating the temperature calculated in the previous


































where Θ is the temperature function and Z′ is the dimensionless thickness.
3. Results and Discussion
The southern facade of the Pescara Justice Court (Latitude: 42◦27′, Longitude: 14◦13′)
was monitored by Ferrero et al. [40] in 2007 to evaluate bowing problems, and the results
of that study were used to validate the theoretical model. The temperature of the external
facade, made of 3 cm thick Carrara marble slabs, was measured every 15 min during
8–13 August; however, meteorological data were not acquired. For this reason, we used
the data recorded in that year at the Pescara airport (in Appendix A), which were provided
by the Division of Meteorological Services of the Italian Air Force. It is known that
meteorological measures can vary from one place to another, but the errors were reduced
by choosing the closest weather station in the study area (approximately 3 km away), and
the measurements were performed in a flat area.
Tables 1 and 2 summarize the parameters used in the theoretical formulation.
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Table 1. Properties of the Carrara marble used in this study.
Symbol Parameter Value Unit Ref.
k Thermal conductivity 2.9 W/m ·K [41]
ε Emissivity 0.95 - [42,43]
c Specific heat capacity 870 J/kg·K [43]
ρ Density 2785 kg/m3 [43]
αs Solar absorptivity 0.44 - [43]
α Thermal expansion coefficient 5.9 · 10−6 ◦C−1 [40]
E Young modulus 52.4 GPa [40]
ν Poisson’s ratio 0.16 - [40]
Table 2. Properties of Pescara’s Justice Court used in this study.
Symbol Parameter Value Unit Ref.
B Building plan width 10 m
Lb Building plan length 15 m
ψ Surface azimuth 194.28 ◦
L Thickness 0.03 m
DT Daylight savings time 1 -
UTC Universal coordinated time 1 -
τb Beam optical depths 0.494 - [32]










Figure 3 presents the comparison between the theoretical temperature at the exposed
surface and the in situ measurements observed on 10 August. Both the peak and trend
of the temperature are well simulated by the model. The detachment between the curves
(around 14:30) is probably due to the occurrence of wind gusts and the sudden decrease
in dry-bulb temperature measured at the Pescara airport, which was probably not so
perceptible at the Pescara Justice Court. This difference could be minimized if the data of
other meteorological stations were available; then, the Thiessen polygon method would be
used to improve the input data. Nonetheless, it is important to highlight that the gradient
of temperature between the external and internal sides is less relevant than the rate at
which temperature changes in the thermoelastic analysis of isostatic plates, in which heat
flux occurs through the width, because the latter can induce great amounts of stresses, even
for small gradients, due to the differential strain, as verified by Ito et al. [11]. Therefore,
the difference between the absolute values of the theoretical and the measured temperatures
would not affect the stress calculation in the same proportions.
3.2. Stresses Due to Daily Variation of Temperature
The current temperature at each point inside the slab was calculated using the Fourier
law, and these differences in temperature were used to evaluate the thermal stresses
according to the procedure described in Section 2.4. During the heating stage, compressive
stresses were acting at the boundaries, while the tensile stresses were rose in the cooling
stages, as presented in Figure 4. The major absolute values of stresses were achieved
between the sunrise and the sunset, as already expected. However, the peak of the thermal
stresses was developed around 14:00 on 10 August, and not at 11:15, when the highest
temperature was measured. The highest stresses occurred due to the rapid decrease in
temperature on the external face, which corroborates the study presented by Ito et al. (2020),
in which the parametric analysis showed that transient heat flux can cause more damage
than just considering the values of thermal variation in steady-state conditions.
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Figure 4. Variation of thermal stresses along the width on 10 August 2007: (a) Axis orientation where the 0.000 position
represents the internal (hidden) surface and the 0.030 position represents the external (exposed) surface; (b) distribution of
thermal stress throughout the cycle.
The physical meaning of the highest stress due to the rapid decrease in temperature
can be understood by the non-gradual deformation from the external to the internal surface
of the slab. Internal stresses are induced to counterpoise these unbalanced deformations in
order to maintain the integrity of the body. In this case, the differential strains produced
tensile stresses at the boundaries and compressive stresses in the inner part of the slab,
as indicated in Figure 5.
The parabolic distribution of stress is in line with the increase in porosity along the
width, which was verified in naturally weathered marble slabs via the total optical porosity
method proposed by Bellopede et al. [44], in which one can verify that the decohesion of
grains (or the increase in porosity) is greater at the boundaries than in the inner part of
the slab. Moreover, the faster changes in temperature during the winter and the random
orientation of the calcite grains (hypothesis not considered in this formulation) could help
to explain the higher decohesion between calcite grains on the exposed surface rather than
the other one as verified by those authors.
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Figure 5. Thermal stresses calculated at 09:15 and at 14:00 on 10 August.
4. Conclusions
Natural thermal weathering has challenged engineers to develop resistant materials
for application in external environments and to provide models for predicting their long-
term behavior. In this paper, we proposed a new methodology by coupling the evaluation
of thermal exchanges in building-covering systems to compute the thermal stresses due
to daily variations in temperature. The sol-air temperature, which was calculated with
parameters measured at the Pescara airport, presented a good correlation with the temper-
ature, which was measured on the external face of a slab at the Pescara Justice Court, even
knowing that these two concepts are related, but have different meanings.
The peak of the tensile stresses occurred on 10 August at 14:30, and it was of the
same order of magnitude as the one proposed by Ferrero et al. [40], who considered
in situ measurements of temperature; however, in our methodology, the stress along the
slab presents an almost symmetrical distribution. For gradual changes in temperature,
the induced thermal stresses approach those found in almost-steady-state conditions. A
non-symmetrical distribution of stress would occur if the temperature changed suddenly.
The type of stress (compressive or tensile) and its magnitude depend on the rate with
which the gradient of temperature changes between the two sides.
The thermal load acting on the facade of the Pescara Justice Court on 8–13 August 2007
was small in comparison with the failure stress of Carrara marble, but it was sufficient
to cause the decohesion of calcite grains and deformation, as the bowing phenomenon
was verified by previous authors. It must be highlighted that the peak of stress presented
in this work was calculated for a specific time, which means that the thermal load floats
continuously according to the daily variations in temperature, which would result in
continuous loading and unloading cycles throughout the day.
In short, the methodology proposed in this paper was efficiently applied for external
facades using Carrara marble as the building material, but it can also be applied to evaluate
stresses in other structures, such as pavements or roofs, if corrections of the heat exchanges
are made.
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Abbreviations
The following abbreviations are used in this manuscript:
ad diffuse air mass -
B building plan width (m)
c constant -
CT clock time (h)
d declination angle (◦C)
DT correction for daylight savings time (h)
E Young’s modulus (GPa)
Et equation of time (minutes)
Gr Grashof number -
h hour angle (◦)
hi convection heat-transfer coefficient for inside surface (W/m2·K)
ho convection heat-transfer coefficient for outside surface (W/m2·K)
I0 extraterrestrial radiant flux (W/m2)
Id diffuse horizontal irradiance (W/m2)
ISC solar constant (W/m2)
It,d diffuse solar radiation (W/m2)
It,D direct solar radiation (W/m2)
It,R reflected solar radiation (W/m2)
IT total solar radiation (W/m2)
k thermal conductivity (K/m·K)
ka air thermal conductivity (K/m·K)
l latitude (◦)
Lb building plan length (m)
L thickness of material (m)
Leq equivalent length (m)
Lloc longitude (◦)
Lstd standard meridian for the local time zone (W/m2)
LST local solar time (h)
m air mass -
Mn Fourier coefficient (◦C)
n day of the year -
n constant -
Nn Fourier coefficient (◦C)
Nu Nusselt number -
Pr Prandtl number -
qc convection flux (W/m2)
qI solar radiation flux (W/m2)
qR gray body radiation flux (W/m2)
Re Reynolds number -
T period of a periodic function (h)
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to outside dry-bulb temperature (◦C)
te sol-air temperature (◦C)
te,n harmonic coefficient (◦C)
t̄e mean value of sol-air temperature (◦C)
ti indoor dry-bulb temperature (◦C)
tw wall surface temperature (◦C)
twi inside wall surface temperature (◦C)
U heat transmission coefficient (W/m2·◦C)
UTC universal coordinated time (h)
Vn factor (W/m2·◦C)
Y correction factor of the direct solar radiation -
Yn factor -
Zn factor -
Z′ dimensionless thickness -
α thermal expansion coefficient (m2/s)
αs solar absorptivity -
θ angle of incidence (◦)
θt time (h)
θT temperature (◦)
θw wind direction (m/s)
τb beam optical depths -
τd diffuse optical depths -
β solar altitude (◦)
γ surface–solar azimuth angle (◦)
Γ angular correction (◦)
φ azimuth angle (◦)
ψ surface azimuth (◦)
ψn angle (◦)
µ viscosity (Pa·s)
ε surface emissivity -
ωn angular velocity (rad/h)
σ Stefan–Boltzmann constant (W/m2·K4)
σn factor (m−1)
σyy normal stress in y direction (kPa)
∆R infrared radiation correction factor (W/m2)
Σ surface tilt angle (◦)
Θ temperature function -
Θn lag angle (◦)
ν Poisson’s ratio -
Appendix A
In Table A1, the meteorological data used to calculate the temperature on the external
facade in the Pescara Justice Court are presented.
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Table A1. Meteorological data for Pescara, 10 August.
Time Wind Velocity (m/s) Wind Direction Relative Humidity (%)
23:50 2.04 SSW 82
0:50 1.53 Variable 82
1:50 0 - 82
2:50 0 - 82
3:50 0 - 77
4:50 2.55 S 82
5:50 1.02 Variable 82
6:50 2.04 SSW 82
7:50 2.55 SSW 82
8:50 1.02 Variable 56
9:50 0.51 Variable 46
10:50 2.55 NE 50
11:50 6.12 NE 60
12:50 6.12 NNE 64
12:55 7.14 N 63
13:10 10.2 W 67
13:18 7.14 NNW 87
13:50 5.1 N 93
14:26 2.55 SSW 87
14:50 1.53 Variable 82
15:50 3.06 NNW 72
16:50 4.08 NNW 59
17:50 1.02 Variable 59
18:50 1.53 Variable 63
19:50 0 - 67
20:50 1.53 Variable 72
21:50 1.53 Variable 77
22:50 0.51 Variable 82
23:50 0 - 82
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